A wide variety of existing combinations of target and filter materials (target/filter combinations) are used in mammography equipment. The patient dose depends on the X-ray quality that is derived from the target/filter combination, and a calibration of the dosimeter that is used in the measurement that corresponds to the specific target/filter combination is necessary. However, dosimeters in mammography are generally calibrated with reference to the X-ray quality of Mo/Mo or W/Al combinations, and it is unclear whether or not the X-ray quality that is derived from other target/filter combinations will affect the calibration coefficients. In this paper, the calibration coefficients of different dosimeters were evaluated for target/filter combinations. For an ionization chamber-type dosimeter, good energy dependence was found and the effect of the target/filter combination was small. However, for a semiconductor dosimeter, a large energy dependence was found, and different calibration coefficients that depended on the target/filter combination used were required.
I. INTRODUCTION
The conventional combinations of target material and filter material (target/filter combination) that have been used in mammography apparatus are mainly molybdenum/molybdenum (Mo/ Mo), molybdenum/rhodium (Mo/Rh), and rhodium/rhodium (Rh/Rh). The K absorption edge of Mo or Rh filter materials is used to get a pseudomonochromatic X-ray quality. Because the differences among the mass attenuation coefficients of the structural tissues in the human breast are small, the image contrast among these structural tissues can be enhanced in terms of the band-pass spectrum X-ray quality by used of a K-edge filter.
However, when a flat-panel detector (FPD) system is introduced into the imaging system, tungsten (W) is used as the target material, and aluminum (Al) and silver (Ag) are used as filter materials. (1) The FPD offers high X-ray detectability, a broad dynamic X-ray detection range capability from low dose to high dose, and very good linearity between the dose and the output. (2) In addition, good image processing capabilities have been obtained with the FPD, and Al filters without absorption edges are being used increasingly. (3, 4) W is used as the X-ray tube target material because it has a higher atomic number than Mo and high bremsstrahlung efficiency, allowing the high exposure rate to reduce the X-ray tube load. (3) (4) (5) The current target/ filter combinations used in mammography apparatus are, therefore, W/Al, W/Ag, and W/Rh. (1) The patient dose in mammography is evaluated as an average glandular dose (AGD). The AGD is a product of the incident air kerma and a conversion factor, g. (6) Measurement of the air kerma requires an appropriate calibration coefficient. The X-ray spectrum, the tube voltage, and the target/filter combination influence the calibration coefficients of the dosimeter. The effective energy has been used as a parameter to specify the X-ray quality. In addition to the effective energy, the quality index (QI) parameter is also often used for specifying the beam quality, and is given by the ratio of the effective energy to the maximum photon energy.
In Japan, the calibration of the dosimeters used in mammography has generally been performed based on the X-ray qualities of the W/Al and Mo/Mo combinations.
The available calibration facilities are those of the National Institute of Advanced Industrial Science and Technology (AIST) (7) (8) (9) as the national standard organization and the Japan Quality Assurance Organization (JQA) as a secondary standard organization. Calibrations for combinations other than Mo/Mo and W/Al have not been performed. In this study, we evaluated the variation of the calibration coefficients of dosimeters for mammography applications with a variety of target/filter combinations.
II. MATERIALS AND METHODS

A. X-ray source for calibration and filter
The X-ray source for calibration was an industrial X-ray generator, the ISOVOLT Titan E with an X-ray tube, the ISOVOLT 160 with a W target, and the FA100/3 with a Mo target (GE Co., Fairfield, CT). The output windows of these X-ray tubes were made of 1 mm thick beryllium. The coefficient of variation of the X-ray exposure is less than 0.3%. With reference to the EUREF protocol, (1) the filter thicknesses used were 0.5 mm of Al, 0.025 mm of Rh, 0.05 mm of Ag, and 0.075 mm of Ag for a W target. Mo targets were also used with filter thicknesses of 0.03 mm of Mo and 0.025 mm of Rh.
An accurate thickness, X (cm), for each filter was calculated from Eq. (1):
where M (g) is the mass measured by an electronic scale filter; the filter area S (cm 2 ) was calculated from the formula of Heron and measurement of the four sides and the lengths of the two diagonal lines of the filter with a caliper; and ρ is the density. The densities of Al, Mo, Rh, and Ag are 2.699, 10.28, 12.41, and 10.49 g/cm 3 , respectively. Because the AGD evaluates the air kerma passing through the compression plate, a 3 mm thick acrylic resin (polymethyl methacrylate, PMMA) layer was inserted as the corresponding filtered compression plate. It is necessary for the calibration of the dosimeter to be in the same range as the X-ray spectrum that is actually measured, and this study was performed with the X-ray qualities when the PMMA was included. (10) B. Reference dosimeter A free-air chamber (FAC) was used as a reference dosimeter. (10, 11) The FAC structure is shown in Fig. 1 . The FAC does not require correction for photon absorption because it has small energy dependence in the effective energy region of 15 to 25 keV. The FAC would normally be calibrated at the calibration facility. However, it was difficult to take the FAC to the calibration facility. A calibration coefficient for FAC was determined using combinations of a Ramtec 1000D electrometer (Toyo Medic Co., Tokyo, Japan) and an N23344 shallow ionization chamber dosimeter (PTW Freiburg Co., Germany). The calibration coefficients of Mo/Mo at combination of Ramtec 1000D and N23344 were determined at calibration facility of the AIST and that of W/Al was determined at calibration facility of the JQA. And then, the calibration coefficients of the FAC were determined with the Titan E. The calibration coefficients of the FAC are shown in Fig. 2 . The variation in the FAC calibration coefficients was within 2.5% in the effective energy range of 15 to 17 keV. From Fig. 2 , the FAC calibration coefficients were 1.02. 
C. Measurement of the half-value layer
It is also necessary to calibrate a dosimeter with reference to the effective energy of the X-rays that are used. We measured the half-value layers to obtain the effective energy relative to the target/filter combinations. The arrangement used for the half-value layer measurements is shown in Fig. 3 . The tube voltages used were 24, 26, 28, 30, 32, and 35 kV, the tube current was 20 mA, the focus-dosimeter distance was 650 mm, and an Al attenuator was installed at a distance of 160 mm from the focus. (12) (13) (14) The half-value layers were calculated from the third order polynomial approximation formula determined by the attenuation curves. The attenuation coefficient (μ) was calculated from the half-value layer, and the effective energy was calculated by use of the database of the National Institute of Standards and Technology. (15) 
D. Calibration of field dosimeters
Field dosimeters (ionization chamber type) were investigated in combinations of a Ramtec 1000D electrometer with an N23344 chamber, an AE-1340C electrometer with a C-1340 chamber (Applied Engineering Co., Tokyo, Japan), and a Model 9015 electrometer with a 10X5-6M chamber (Radcal Co., Monrovia, CA). The semiconductor type dosimeters that were studied were the Solidose 308 and the Piranha (RTI Electronics Co., Molndal, Sweden). The calibration arrangement is shown in Fig. 4 . The tube voltages used were 24, 26, 28, 30, 32, and 35 kV, the tube current was 20 mA, and the focus-dosimeter distance was 650 mm. The calibration was performed with use of a substitution method, and the calibration coefficient Kc was calculated from Eq. (2): (2) where I s is the indicated value of the reference dosimeter, K s is the calibration coefficient of the reference dosimeter, K T,P is the atmospheric correction coefficient, and I c is the indicated value of the field dosimeter. The room temperature was measured with a 0.1°C precision Hg temperature meter, and the atmospheric pressure was measured with a Fortin barometer. 
III. RESULTS
A. Half-value layer
The results for the half-value layer, the effective energies, and the QIs are given in Table 1 . Obtained half-value layers were within the range described in the ACR's quality control manual. (16) Fig . 4 . Calibration method arrangement and distance of the object to be field dosimeter with the FAC. Tables 2 and 3 , and in Figs. 5 and 6. For the ionization chamber dosimeters, the variation with the various target/filter combinations was less than 5%. For the semiconductor dosimeters, the calibration coefficients showed large variations with the effective energy. The calibration constant obtained by calibration with reference to the X-ray quality of the W/Ag combination was shifted away from that of the other target/filter combinations. 
IV. DISCUSSION
The calibration of a dosimeter is ideally performed with X-rays that have the same spectrum as that of the X-rays that are to be measured with the field dosimeter. It would be preferable, if at all possible, for the mammography apparatus to be used to generate the calibrating X-rays. However, it is impossible for a calibration facility to prepare mammography equipment with various target/filter combinations. Furthermore, FAC of reference dosimeter is difficult to measure in mammography equipment. Therefore, industrial X-ray generator having a W and Mo target is used as the calibration X-ray source. The X-ray quality is adjusted to the X-ray spectrum by changing the additional filter and tube voltage. The target angles vary between the X-ray tubes of the industrial X-ray generator and those of the mammography apparatus. However, the QIs in the present study ranged from 0.47 to 0.80, and these were within the QI range used in clinical apparatus. Therefore, calibration can also be done when an industrial X-ray generator is well with an X-ray spectrum that is the same as that of the mammography apparatus.
For the ionization chamber dosimeters, the calibration coefficient showed only a small variation of less than 5% with the effective energy. Wall material of mammography dosimeter is different from the dosimeter to be used in the diagnostic field. A thin film (mainly MYLAR) is used to reduce the X-ray absorption for the incident wall. As a result, the energy dependence can be minimized. From the results, it seems that the calibration coefficient of the ionization chamber dosimeter was not affected seriously by beam quality. Therefore, a current traceability system can be used without creating problems for an ionization chamber dosimeter.
In contrast, the energy characteristics of the semiconductor dosimeter were poor, and the differences in the calibration constants relative to the effective energy were large. Si is mainly used in semiconductor dosimeters, and a depletion layer formed by a p-n junction acts as the radiation sensing layer. Because of the structure of the semiconductor dosimeter, the X-ray absorption by the SiO 2 layer of the outer layer and by a nonsensing layer can be high, and largely depends on the energy of the low-energy region X-rays. (7) Therefore, calibration is necessary based on the effective energy of the X-rays that are actually measured. Semiconductor dosimeters have correction factors relative to the target/filter combinations used that are proposed by their manufacturers. (17) It was confirmed that the change in the calibration constants caused by the energy dependency was reduced. Piranha's correction constants, in which the correction factor was multiplied, are shown in Fig. 7 . However, it is difficult to perform the appropriate calibration in Japan because the correction factor cannot be changed easily.
The calibration coefficient of the semiconductor dosimeter under X-rays of the W/Ag target/filter combination was higher than those produced by other target/filter combinations. The characteristic of the Pd that is built into the Si detector is believed to be the cause of this behavior. The atomic numbers and the K absorption edge energies of Rh, Pd, and Ag are 45, 46, and 47, and 23.33, 24.35, and 25.51 keV, respectively. The K absorption edge energy of Ag is higher than that of Pd. The existence of Pd in the probes of the semiconductor dosimeters was confirmed by fluorescent X-ray analysis. The semiconductor dosimeter probes were irradiated at 65 cm from the W target with 3 mm Al filtration at 80 kV and 5 mA. The fluorescence was detected by a CdTe semiconductor spectrometer (Ramtec 415; Toyo Medic) placed 10 cm from the probe at an angle of 45°. The K α and K β radiation of Pd was clearly observed, as shown in Fig. 8 . The Pd filter thickness was estimated from the spectra of the calibration beams and the measured responses based on Burin's cavity theory. (18) The spectra of the calibration X-rays was measured with the Ramtec 415. The semiconductor detector reading was assumed to be proportional to the Si collision kerma K Si for the Pd-filtered spectrum. The detector response was assumed to be proportional to the ratio of K Si to the air collision kerma for the same spectrum. By assuming a Pd filter thickness of 50 μm, the measured energy characteristics specific to the W/Ag X-rays were explained well. (The details of the Pd filter will be discussed elsewhere; they are beyond the scope of this paper.)
V. CONCLUSIONS
In this study, the variations in the calibration coefficients of dosimeters used in mammography relative to the target/filter combination used were investigated. For ionization chamber dosimeters, good energy dependencies were observed, and the effect of the target/filter combination was minimal. However, for the semiconductor dosimeters, large energy dependencies were observed and different calibration coefficients depended on the target/filter combinations were needed. In the case of using the semiconductor dosimeter, it is important to get the calibration coefficients corresponding to the X-ray energy to be measured. 
